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Figure 1. The ‘Kraken’ myth.
Ancient tales repeatedly reported octopod-like sea-monsters attacking sea vessels. Indeed, octo-
puses may reach a maximum of 3 m body size, but the foundation of these ancient tales is based 
on giant squids (with ten rather than eight arms as depicted here) defending itself against its main 
predator, a sperm whale, rather than octopuses. Squids are known to leave sucker scars on young 
whales. These subsequently enlarge as the whale grows, which has led to overestimates of squid 
body lengths of more than 100 m. (Image: Houston Museum of Natural Science.)Molluscs
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People often associate the animal 
phylum ‘Mollusca’ with their most 
species-rich or popular subgroups: 
gastropods (snails, whelks, slugs, 
and limpets), bivalves (mussels 
and clams), and cephalopods (the 
pearl boat Nautilus, sepias, squids 
and octopuses, and the many fossil 
ammonites and belemnites). Of these, 
the gastropods, with more than 
100,000 extant species, comprise 
about 80% of all molluscs and are 
by far the most diverse group within 
the phylum. The remaining classes, 
the aplacophoran Solenogastres (or 
Neomeniomorpha) and Caudofoveata 
(or Chaetodermomorpha), 
the Polyplacophora (chitons), 
Monoplacophora (or Tryblidia or 
Tergomya), and Scaphopoda (tusk-
shells), are known to a much lesser 
extent (Box 1), but add significantly 
to the variability of the molluscan 
bauplan and to our understanding of 
molluscan phylogeny and evolution. 
Man and mollusc
The relationships between humans 
and molluscs are as diverse as the 
animals themselves. Certainly, the 
first usage of molluscs was as a 
protein source, and up to now snails 
(e.g. abalones, limpets, whelks, or 
escargots), bivalves (mussels and 
clams), and cephalopods in particular 
form a significant percentage of 
‘sea food’. Various kinds of shells, 
opercula, pearls, and mother-of-
pearls have been used as decoration, 
jewels, or currency. For centuries, 
molluscs have inspired artists, and 
purple made from the secretions of 
the hypobranchial gland of certain 
marine muricid snails was a major 
economic factor in the Phoenician 
and Roman Empires. Most of the 
frescoes in European castles or 
churches consist of natural pigments 
obtained from powdered sea-shells.   
However, there are also negative 
human associations to molluscs. 
Ancient stories of ‘Kraken’ (giant 
squids rather than octopuses) that 
attack sea vessels have proven to 
be myths (Figure 1). Whereas only 
Primer few molluscs are poisonous, such as e.g. cone shells or blue-ring 
octopuses, others may harm by their 
sharp operculum (queen conch), 
or kleptocnidae (e.g. the sea-slug 
Glaucus, which feeds on man-of-war 
siphonophores). Several terrestrial 
snails and slugs, in particular 
introduced species, are important 
pests in agriculture and gardens, 
whereas marine and filter-feeding 
slipper-snails (Crepidula) may outfit 
mussel or oyster cultures.  
A highly dangerous aspect 
of molluscs is the role of many 
freshwater gastropod species as 
intermediate hosts for various 
human-pathogenic trematodes. 
For instance, schistosomiasis 
(Schistosoma spp.) afflicts no less 
than 250–300 million humans and 
another 600 million are endangered 
by this scourge. Also Fasciola 
(vectored by lymnaeid freshwater 
snails) and Dendrocoelium 
(intermediate hosts: terrestrial snails 
and ants) are still important liver 
parasites in sheep, goats, and cattle.
In science, molluscs play an 
important role as model organisms. 
Many insights into evolutionary 
biology were triggered by studies 
on molluscs; the analyses on Cerion 
land snails by Glenn A. Goodfriend 
and Stephen Jay Gould or the famous fossils of the Steinheimer 
Becken (planorbid freshwater snails) 
by Franz Hilgendorf may serve 
as examples. Also neurobiology 
owes a lot to molluscs: the giant 
axons of cephalopods and the 
giant (up to 2 mm diameter) 
neurons of opisthobranchs (e.g. 
Aplysia) and pulmonates (e.g. 
Lymnaea, Achatina, Helix) offer 
unique possibilities to study the 
mechanisms of neurons and simple 
(non-vertebrate) brains — work 
that culminated in the Nobel Prize 
winning research on squid giant 
axons of Andrew Huxley and Alan 
L. Hodgkin and of Eric Kandel 
on memory in Aplysia. Currently, 
conotoxins from the poison gland 
of cone shells are screened for new, 
non-addictive anti-pain substances, 
and bactericidal and fungicidal 
substances have been identified 
from various molluscan eggs. 
Land snails, which have a 
limited capacity of avoidance 
and distribution, are often used 
as bioindicators to infer species-
loss and ecological threat. More 
importantly, land and freshwater 
molluscs with their numerous, 
highly endemic species are among 
the most endangered animal groups 
on Earth, and many marine species 
are threatened mainly by habitat 
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Box 1
Major groups (classes and subdivisions) of molluscs.
Solenogastres (Neomeniomorpha; crawling worm-molluscs) is a small (280 species), marine group of worm-like animals of 1 mm up to 30 cm 
body length covered with a chitinous cuticle with aragonitic spicules or scales. They live interstitially, most crawling by their narrowed foot sole 
on mud or climb on cnidarians, on which they feed with their radular teeth. Their foot sole is narrowed, reproduction is via copulation, larvae 
(modified trochophores or pericalymma-type) are lecithotrophic.
Caudofoveata (Chaetodermomorpha; burrowing worm-molluscs) is another small (180 species), marine group of worm-like animals of 2 mm 
up to 15 cm body length covered with a chitinous cuticle with spicules or scales. They burrow with their head-shield in sand or mud; the foot 
sole has been lost entirely. By means of bifid radular teeth or a modified forceps-like radular apparatus they feed mainly on foraminiferans. 
Fertilization is ectaquatic (in the free water), larvae (modified trochophores) are lecithotrophic.
Polyplacophora (Loricata; chitons) includes about 1000 marine species of 3 mm up to 30 cm body length. The broad, sucker-like foot sole is 
surrounded by a mantle rim that may also house gills. The dorsal surface is protected by eight serial shell plates being surrounded by a girdle 
of aragonitic scales or spicules. Most species are herbi- or detritovorous and use their strong rasping tongue (radula) for food uptake. Fertiliza-
tion is ectaquatic (there are few brooders), larvae (trochophores) are lecithotrophic.
Monoplacophora (Tryblidia) includes many fossil taxa, while only less than 30 extant species are known. These are 1–40 mm long and live 
from about 200 m down to 7000 m depth. The sucker-like foot, the surrounding mantle rim with the gills, the buccal apparatus, and the mode 
of feeding resemble those of chitons; however, the dorsal side is protected by a single, cup-like, true shell. 
Bivalvia (Pelecypoda, Lamellibranchia; mussels and clams) comprises more than 20,000 extant species with a size range from 1 mm to over 
150 cm that live in all kinds of marine and freshwater habitats. Aside from the bivalved shell and the entire lack of a buccal apparatus, bivalves 
are remarkably diverse and are not only filter-feeders, but also include detritovorous and even carnivorous forms; many also use endosymbi-
otic bacteria or zooxanthellae for nourishment. Most live epibenthic or burrow in soft bottoms, some burrow in limestone, sandstone or wood 
(shipworms). Fertilization is mostly external. Lecithotrophic (trochophore-like) or planktotrophic (veliger-like) larvae as well as exceptional 
types such as glochidia (freshwater unionids) or pericalymma larvae (protobranchs such as Nucula) are known, freshwater species often show 
brooding. 
Scaphopoda (tusk-shells) is a small (800 species), purely marine group of animals with typical, elephant tusk-like shells of 2 mm to up to 
20 cm. They burrow with their conical foot in sand or mud and feed mainly on foraminiferans by using numerous head-tentacles (captaculae). 
Fertilization is ectaquatic, the trochophore-like larvae are lecithotrophic. 
Gastropoda (limpets, snails, whelks, slugs) is by far the most diverse group of molluscs with about 100,000 species (0.5 mm to 100 cm long) 
that inhabit all marine, freshwater and terrestrial habitats. They have various types of shell, a freely moveable head with eyes, a foot sole and 
a helicoid visceral hump, but there are numerous exceptions in the phenotypic expression of all these characters. All life styles (detritovores, 
herbivores, predators, filter-feeders, ecto- and endoparasites) and all modes of reproduction (ect- and entaquatic, internal, copulatory organs, 
spermatophores) are found. 
Cephalopoda (nautilids, ammonites, sepias, squids, octopuses) includes more than 30,000 extinct, but only about 1,000 extant species, 
which are exclusively marine and range from 3 cm up to 7 m in body length (with arms up to 18 m). Nautiloidea and Ammonitoidea have exter-
nal shells, all other (Coleoidea) have internal, reduced or lost shells. All are predators with large eyes and 8 or 10 (or up to 80 in Nautilus) arms 
for prey capture. Fertilization is always internal, the development of the large, yolky eggs is modified and direct. 
Aculifera (scale-bearers) is a major subdivision of Mollusca with a notum (at least partially) covered by a chitinous cuticle in which aragonitic 
scales or spicules are embedded. Mono- or paraphyletic, composed of Solenogastres, Caudofoveata, and Polyplacophora. 
Conchifera (shell-bearers) is the second major subdivision of Mollusca with a dorsal shell (at least during early ontogeny produced by a dorsal 
shell gland) consisting of an outer organic layer (periostracum) and various mineralized layers below. Usually considered as monophyletic 
composed of Monoplacophora, Bivalvia, Scaphopoda, Gastropoda, and Cephalopoda. destruction. Ironically, predatory 
snails such as the rosy wolf-snail 
(Euglandina rosea), which was 
introduced as a biological agent to 
attack pest snails, is now the main 
killer of endemic snail faunas on 
various islands in the Caribbean.  
Mollusc morphology and phylogeny
The pre-Cambrian origin and early 
radiation of Mollusca and the 
substantial differences between 
the molluscan classes both cause substantial difficulties to infer 
molluscan phylogeny and evolution. 
The molluscan bauplan — by 
definition a combination of the ‘most 
significant features of the phylum’ — 
often resembles a generalized 
gastropod or pre-gastropod type, 
including shell, head with tentacles, 
a creeping foot and a visceral 
hump, a mantle cavity with gills, an 
alimentary tract with rasping radula, 
complicated stomach and intestinal 
coils, a gonopericardial system with excretory ducts (kidneys), and a more 
or less concentrated nervous system 
consisting of a circumoral ring 
(cerebropleural and pedal ganglia) 
and two pairs (pedal and visceral) of 
longitudinal nerve cords. However, 
these characteristics are in sharp 
contrast to ideas on the last common 
ancestor of all molluscs (‘urmollusc’), 
reconstructed based on various 
inferred phylogenetic trees (Figure 2). 
Based on morphology there are 
currently two competing hypotheses 
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concerning molluscan phylogeny: 
either the urmollusc was a small 
(1–3 mm) organism close to the 
extant, aplacophoran worm-like 
Solenogastres; or, it resembled 
the extant monoplacophorans in 
size (cm range) and by having a 
shell. Unfortunately, various recent 
molecular studies have not added 
order, but more chaos to this picture 
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Figure 2. A hypothetic ‘urmollusc’.
Inferred reconstruction of the molluscan stem species based on morphological data (modi-
fied after Haszprunar G. 1992. The first molluscs - small animals. Boll Zool 59, 1–16). Contrary 
to most textbooks, which show a composed ‘bauplan’ (i.e. a composition of majority char-
acters of all molluscs), this figure shows a proposed molluscan archetype (i.e. the inferred 
stem species). Probably, the molluscan stem species was quite a small, benthic, worm-like, 
unsegmented, spicule-bearing but shell-less, predatory animal in the 1–5 mm range.
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Figure 3. Recent phylogenetic reconstructions (trees) of Mollusca.
Several trees are shown in panels A–F that are derived from molecular and/or morphological 
concern mono- vs. paraphyly of Aculifera (i.e., whether or not Solenogastres (Neomeniomorp
Polyplacophora form a clade or not) and the monophyly of Conchifera (i.e., all molluscs with a un
node between the molluscan classes that is not contradicted by at least one tree. This highlight
relationships within the highly diverse and species-rich phylum Mollusca. (Figure 3). Indeed, while it has been 
finally corroborated by molecular 
data that all molluscan classes are 
monophyletic, there is not a single 
proposed clade between molluscan 
classes which gained overall support. 
As the fossil record clearly suggests 
a Pre-Cambrian origin and major 
splitting events of molluscs, direct 
‘missing links’ between classes will 
probably never be detected, and 
even with the analysis of whole 
genomes it will be a challenge to 
enlighten the molluscan radiation.
Mollusc biology 
Molluscs are tremendously diverse 
in all aspects of life. With the 
exception of airspace (although 
there are ‘flying squid’), they have 
conquered all habitats in the sea, 
including deep-sea hydrothermal 
vents, freshwater environments of 
up to 40º C, and land (gastropods 
alone) as well as permanent ice. 
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ha), Caudofoveata (Chaetodermomorpha), and 
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Figure 4. Scaphopod larvae.
(A) Scanning electron micrograph of an early larva with ciliated apical organ and prototroch 
consisting of three ciliary bands. (B) Expression of an engrailed-like protein (dark blue), known 
to be involved in segment formation in arthropods and some annelids, in cells marking the 
boundary between the embryonic shell field and the mantle tissue. False colored images. 
Specimens are approximately 150 µm in length.(omalogyrid gastropods) to more 
than 7 m of body length combined 
with 18 m of tentacles (Architeuthis 
squids). Molluscs can live from a 
few months to up to more than 150 
years (deep-sea and giant bivalves). 
For locomotion, most of them crawl 
or glide via pedal cilia or muscle 
waves combined with a mucous 
layer, but they also may ‘jump’, 
burrow or swim using usually head 
or foot derivatives, and Octopus 
marginatus even has evolved bipedal 
walking on two of its eight arms. The 
unmatched diversity in locomotion, 
ranging from animals permanently 
cemented to the substrate, such as 
giant clams or oysters, to the open 
water calmars capable of high speed 
swimming, and the resulting, starkly 
diverse feeding ecology dramatically 
illustrates the diverse evolutionary 
pathways the various groups of 
this phylum have taken. Modes of 
feeding include detritovores, grazers, 
filter-feeders by means of gills or 
mucous nets, omnivores, predators, 
ecto- and endoparasites, and various 
kinds of symbioses with bacteria, 
dinoflagellates (‘zooxanthellae’), 
cnidocytes or chloroplasts taken up 
from their prey, certain cnidarians 
and algae, respectively. Species that 
have evolved the latter mode (giant 
mussels and various marine slugs) 
are truly ‘solar-powered’. 
Molluscan reproduction likewise 
shows a variety of different styles: 
the percentages of gonochoristic 
and hermaphroditic species are 
more or less equal, but even 
parthenogenesis does occasionally 
occur. In contrast, truly asexual 
reproduction is unknown, which 
may be correlated with a generally 
poor ability for regeneration. Many 
molluscs, in particular most chitons, 
bivalves, scaphopods, and basal 
gastropods, shed their gametes 
freely into the water, whereas the 
majority of species, particularly most 
gastropods and all cephalopods, 
transfer sperm by means of 
complicated spermatophores or 
copulatory organs that are often 
derivatives of head, mantle, foot or 
arms, or by hypodermal injection. 
Egg-sizes range from about 80 µm 
(many bivalves and gastropods) 
to up to 2 cm (Nautilus). Typical 
molluscan larvae (pericalymma or 
veligers) are generally of a more or 
less modified trochophore-type — i.e. 
with an apical ciliary sense organ and underlying rudiment of the adult 
cerebral ganglion, one or several 
pre- or postoral ciliary trochi for 
locomotion and/or feeding, and one 
pair of protonephridia. Larvae may 
be lecithotrophic or planktotrophic, 
but also intracapsular or direct 
development is not uncommon. 
Special larval types, which are in fact 
modified juveniles, include e.g. the 
glochidium of freshwater unionoids 
that parasitise on fish gills or the 
often pelagic octopod juveniles that 
feed on their attached yolk sac prior 
to becoming benthic (paralarvae). 
Mollusc development
The phylogenetic placement of 
molluscs within the Spiralia (or 
Trochozoa) is generally accepted 
and is corroborated by a spiral 
cleavage pattern in most groups 
except for certain derived taxa with 
exceptionally yolk-rich eggs such 
as the cephalopods, which exhibit 
discoidal cleavage. Spiral cleavage 
may be equal or unequal and a 
polar lobe may be formed in some 
clades. As is typical for spiralians, the 
endomesoderm is formed by progeny 
of the urmesoblast, the so-called 4d 
cell. Usually, the mesoderm is formed 
as two lateral bands, subsequently 
giving rise to major parts of the 
animals’ internal organs such as the 
musculature and the gonopericardial 
system. Comparative gene expression studies have shown that 
a number of developmental genes 
have been recruited to form de novo 
morphological features of molluscs, 
such as spicules, shells, the radula, 
or the cephalopod funnel. A striking 
example is the segment-polarity 
gene engrailed, which is expressed in 
cells that contribute to the formation 
of the shell plates and spicules of 
chitons, the bi- and univalved shells 
of mussels and gastropods, the 
embryonic shell of scaphopods, 
and even the internal shell of 
cephalopods (Figure 4). We still 
have only captured a mere glimpse 
of what may be the genetic basis 
of the evolution of the numerous 
bodyplan novelties and the wide 
range of morphological phenotypes 
of molluscs. Yet, one key may lie in 
the fact that various patterning genes 
were co-opted into new functions, 
most likely already in the urmollusc, 
but probably also (independently) 
in the various molluscan subclades 
after the emergence of the phylum 
itself. 
Molluscs in future research
Being a phylum that exhibits such 
a striking variety of morphological 
phenotypes, molluscs are ideally 
suited as models for research into 
animal evolution. This concerns in 
particular the genetic base that has 
led to the evolution of the urmollusc 
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discriminate whether the stimulus was 
presented in the left or right hemifield, 
reported their confidence in having 
correctly located the stimulus, and 
discriminated the Gabor’s orientation. 
We analyzed only trials in which 
participants were “very unsure” 
regarding stimulus location. Both 
location and orientation discrimination 
were at chance level (51.2% and 49.3% 
correct, respectively, one sample 
t-tests against 50%: both t(19) < 1). 
This null sensitivity to location and 
orientation demonstrates not only that 
CFS successfully eliminated subjective 
awareness but that participants 
were also objectively unaware of 
the stimulus. We computed dwell 
times as mean percentages of gaze 
positions directed to the stimulus 
areas and corresponding control 
areas contralateral to the stimulus 
with respect to the vertical meridian. 
Dwell times for the stimulus area were 
on average increased by 40% relative 
to the control area (15.4% ± 1.41 vs. 
11.0% ± 0.93 S.E.M.; paired t-test: 
t(19) = 3.22, p = 0.0045; Figure 1B; see 
Supplemental Information for further 
analyses and a control experiment 
replicating these results). Hence, 
although participants were unaware of 
the stimuli and even unable to guess 
their location, the stimuli nevertheless 
attracted their gaze. 
To the best of our knowledge, this 
is the first demonstration of a direct 
and on-line measure of goal-directed 
behavior towards objectively invisible 
stimuli. The notion that invisible 
stimuli can affect eye movements 
was first raised based on the finding 
that monkeys with visual cortex 
lesions could respond to stimuli in 
their blind visual field [3]. Empirical 
support for this idea came from 
studies in patients with lesions in 
visual cortex who performed saccadic 
eye movements towards visual 
stimuli they denied seeing [4]. Similar 
dissociations of awareness and motor 
behavior were also demonstrated 
in healthy participants who showed 
orientation-specific grasping towards 
visual stimuli rendered invisible with 
CFS [5] and prolonged fixations on 
unreported changes in complex 
scenes [6]. Our work reported 
here complements these previous 
findings. By continuously assessing 
participants’ eye movements, we have 
been able to reliably dissociate goal-
directed motor behavior from manual 
reports in a forced-choice task. Such 
A direct oculomotor 
correlate of 
unconscious visual 
processing
Marcus Rothkirch1, Timo Stein1,2, 
Maria Sekutowicz1,  
and Philipp Sterzer1,2
Intuitively, it would seem that we need 
to be aware of an object to locate it in 
our visual environment. Occasionally, 
however, we experience our actions 
as guided by the unconscious use of 
visual information. For example, most 
tennis players would agree that they 
sometimes hit a ball without even 
having seen it. Can we thus locate 
visual information without awareness? 
It may appear straightforward to adopt 
subjects’ reports about their conscious 
experience as the benchmark for visual 
awareness: a dissociation between 
awareness and the ability to locate a 
stimulus would be demonstrated when 
subjects deny seeing the stimulus 
while correctly guessing its location. 
This approach, however, suffers from 
potential response biases: Subjects 
may claim not to see a stimulus despite 
being partially or even fully aware of it 
[1]. We report that observers are biased 
to look at stimuli even when objectively 
unaware of them; that is, even when 
at chance level in guessing stimulus 
location. This demonstrates that the 
human visual system can control goal-
directed oculomotor behavior towards 
invisible stimuli in the objective 
absence of awareness.
Participants performed a visual 
search task while their eye movements 
were recorded. They could freely move 
their eyes to search for a Gabor patch 
rendered invisible with continuous 
flash suppression (CFS) [2], a powerful 
technique for reliably suppressing 
visual stimuli from awareness for 
extended periods of time (Figure 1A; 
see Supplemental Information for 
further details). CFS is thought to 
largely disrupt neural signals from 
the suppressed eye at early central 
processing stages, but may leave some 
subcortical processes and responses 
in dorsal visual cortical areas relatively 
preserved [2]. After each stimulus 
presentation, participants had to 
Correspondencesas such but also the mechanisms that gave rise to the vast divergence 
and modifications from such an 
ancestral bauplan — including 
complex behavioral traits found, in 
particular, in the cephalopods, or 
developmental processes such as 
torsion, the defining character of all 
gastropods (i.e., the rotation of the 
head-foot relative to the visceral 
mass). 
Accordingly, current attempts 
focus on the establishment of 
molluscan model organisms for 
developmental biology, which is 
facilitated by several genome and 
transcriptome projects that are 
currently underway. In addition, and 
following a long tradition, molluscs 
will continue to serve as important 
models in neurobiology, especially 
on learning and memory formation. 
Although the internal as well as the 
interphyletic relationships of Mollusca 
still remain debated, there is little 
doubt that future research will yield 
exciting findings on the development, 
evolution, phylogeny, and general 
biology of this uniquely diverse 
phylum.
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